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1. Introduction
The origin of cosmic rays is a mystery that fascinates physicists for almost one
century. Since the discovery of cosmic radiation by Victor Hess in 1912 [1] and of
extensive air showers by Pierre Auger in 1938 [2] many questions regarding cosmic
rays have been answered, but probably even more are still waiting for resolution.
Especially the origin of the most energetic cosmic rays with energies above 1018 eV
(EeV), the so called Ultra High Energy Cosmic Rays (UHECRs) is still unknown.
While it is mostly consensus that UHECRs are of extragalactic origin and are ac-
celerated at discrete sources the exact sources remain unknown. One of the largest
obstacle to the observation of the sources is the deflection of the charged UHECRs
in cosmic magnetic fields, which are also largely unknown.
On the one hand cosmic magnetic fields are diluting the sources of UHECRs, on the
other hand the arrival directions of UHECRs also offer the opportunity to constrain
those fields. Since the deflection of charged particles is energy dependent, it is
expected that the propagation through magnetic fields in combination with discrete
sources will cause an energy ordering in the arrival directions of UHECRs.
The aim of this thesis is to measure this energy ordering using the data of the Pierre
Auger Observatory and to constrain magnetic field models by this measurement.
The thesis is structured follows. In chapter 2 the propagation as well as possible
sources and acceleration mechanisms of UHECRs will be discussed and recent ex-
perimental results regarding these subjects will be reviewed. In chapter 3 cosmic
magnetic fields will be discussed. This includes methods of measurement as well as
theoretical considerations and different models of galactic and extralactic magnetic
fields. With the input of these two chapters in chapter 4 a Monte Carlo (MC) model
is introduced for the propagation of UHECRs through cosmic magnetic fields. The
used assumptions as well as the implementation and performance are discussed.
In chapter 5 the Pierre Auger Observatory is introduced. The effect of extensive
air showers (EAS) which the Pierre Auger Observatory uses to detect UHECRs is
discussed, as well as the main detector components and the reconstruction of EAS
these detectors. In chapter 6 the used data set with the uncertainties on energy
and angular reconstruction is discussed. Following this in chapter 7 the Energy-
Energy-Correlation (EEC) distribution method is introduced, the uncertainties of
the UHECR measurement are propagated to the distribution and a measurement of
the EEC distribution is performed.
2 1. Introduction
In chapter 8 this measurement of the EEC distribution is used to constrain the
parameters of the MC model introduced in chapter 4. Finally conclusions will be
drawn in chapter 9.
2. Ultra High Energy Cosmic Rays
The atmosphere of the earth is constantly penetrated by charged particles, so called
cosmic rays, of energies ranging from 1GeV up to several hundred EeV. The most
energetic of these particles are called Ultra High Energy Cosmic Rays (UHECRs)
and are the subject of this chapter. The definition of UHECRs is not consistent
in the literature, in the following they will be defined as cosmic rays with energies
above 4× 1018 eV. While since the days of Pierre Auger there has been a substantial
growth in the knowledge about UHECRs, their origin and exact nature still remains
unknown.
First the properties of cosmic rays below the ankle are discussed (section 2.1). In the
following the aspects of acceleration and propagation of UHECRs will be reviewed.
This includes the theoretical principles of UHECR acceleration (section 2.2) and
propagation (section 2.3) as well as recent experimental results (section 2.4). It is
the aim of this chapter to introduce the theories and measurements that are relevant
for the development of an UHECR Monte Carlo generator (see chapter 4).
2.1 Cosmic Rays with Energies below 4 EeV
The energies and the flux of cosmic rays range over many orders of magnitude.
The total flux in the upper atmosphere is approximately 1000m−2sr−1s−1 and is
governed by protons of an energy of several GeV. With increasing energy this flux
is rapidly decreasing to roughly 10−3 km−2sr−1yr−1 above energies of 100EeV. The
differential Flux J(E) ∝ dN
dE
can be described by a steeply falling powerlaw J(E) ∝
Eγ with −2.6 ≥ γ ≥ −3.3. In figure 2.1 the important features of the cosmic ray
spectrum can be seen. At approximately 4× 1015 eV the so called knee the spectral
index changes from about −2.7 to about −3.3. In addition starting at the knee
the composition of the cosmic rays changes from proton dominated to a heavier
composition.
This can be explained by two different types of theories. First it is speculated
that the galactic sources of cosmic rays are reaching their energy limit for protons,
while nuclei can be accelerated to higher energies due to their higher charge. The
continuous dropout of lighter nuclei would explain the steeper falling of the spectrum
as well as the change in the composition. The second theory that explains the cosmic
knee assumes galactic sources that are powerfull enough to accelerate protons to
higher energies, but assumes that the galactic magnetic fields are not strong enough
to contain protons inside the galaxy, while nuclei still are.
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Figure 2.1: Cosmic ray spectrum for energies higher than 100 GeV [6]
At about 4× 1018 eV, the so called ankle, the spectral index changes back to about
−2.6. There are two different approaches to explain this feature of the spectrum.
In the first, the so called ankle model, a steep galactic spectrum, with relatively
heavy composition, is taken over by a harder galactic spectrum. In the second, the
so called dip model, the ankle is explained with the energy loss of protons due to
pair production (see sec. 2.3.1). The dip model predicts a transition from galactic
to extragalactic origin takes place at lower energies somewhere between knee and
ankle and a proton dominated composition around the ankle. Both models are
described in greater detail in [3]. However none of the two models could be excluded
so far, since the composition around and especially just below the ankle is not
very well measured. While the composition measurements of HiRes and the Pierre
Auger Observatory range down to just above 1EeV (see section 2.4.2), while the
measurement of experiments like KASCADE only range up to 0.1EeV [4]. This
gap in the composition measurement is expected to be closed by the low energy
extensions of the Pierre Auger Observatory (see section 5.4). A more extensive
discussion of cosmic rays below the ankle can be found e.g. in [5].
2.2 Sources of UHECRs
It is a long standing question what the sources of UHECRs are. There are in principle
two approaches to explain the extremely high energies of UHECRs. One is the so
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called top down approach which assumes very massive particles with masses above
1020 eV which are decaying to UHECRs. Since most of these top down models
predict a large fraction of UHECRs to be photons most of these models are ruled
out by recent measurements of the photon fraction of UHECRs [7] (see section 2.4.2).
A review of top down models can be found in [8].
The other approach are the so called bottom up models, in which the cosmic rays
are accelerated to their extreme energies. Different configurations of electromagnetic
fields are possible to achieve such an acceleration [9].
The most prominent model is the acceleration in different kinds of shocks [10, 11, 12],
which are often referred to as first order Fermi acceleration. An extensive review on
shock acceleration can be found in [9, 13], while a more educative discussion is given
in [5].
Independent of the exact properties of the shock front, the mechanism of shock
acceleration is always the same. A relativistic particle passes the shock front, while
with every passing back and forth the particle gains the energy ∆E = ξE. The
particle is usually contained by a magnetic field in the region of the shock in a way
that only few particles can leave the acceleration region with the probability Pesc.
Obviously the properties of the shock have a strong influence on the spectrum of
UHECRs. The number of cosmic rays N above an energy E in the shock is given by
N(> E) ∝ 1
Pesc
(
E
E0
)γ
(2.1)
with
γ ≈ Pesc
ξ
. (2.2)
The maximum energy to which a cosmic ray can be accelerated in a time t is given
by
Emax = E0(1 + ξ)
t/Tcycle, (2.3)
where Tcycle is the time for one cycle of crossing the shock front back and forth.
Given the hypothetical source is older than t, also its size L, the magnetic field
strength B and the charge of the particle Z influence the acceleration, since the
particle needs to be contained in the source region. The velocity of the shock front
βS is also important for the maximum energy, since it influences the energy gain per
crossing of the shock front. The maximal energy of sources is roughly given by
Emax ∝ βSZLB. (2.4)
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Figure 2.2: An approximation of the maximum energy of possible UHECR sources
[14] (originally from [9])
Using (2.4) Emax can be determined for different classes of sources (see figure 2.2).
Active galactic nuclei (AGN) and gamma ray bursts (GRB) are the most promissing
sources for the most energetic UHECRs measured on earth. Radio galaxy jets (or
giant radio lobes) would also be promissing source, but since there are no such
objects within the GZK horizon of the most energetic events, these objects cannot
be sources of the UHECR flux on earth.
2.3 Propagation of UHECRs
The propagation of UHECRs depends on the nature of cosmic rays, the configuration
of cosmic magnetic fields and the presence of background photon fields such as the
cosmic microwave background (CMB) or the infra-red (IR) background. In the
following the relevant effects and their implications for the observation of UHECRs
are discussed.
2.3.1 Propagation in Background Photon Fields
In the following section the propagation of UHECRs and their loss of energy in
background photon fields are discussed. Since protons and nuclei have different
mechanisms of energy loss they are presented separately in section 2.3.1.1 and 2.3.1.2.
The different energy loss processes have been studied extensively in literature. The
discussion in this section is based on [15, 16, 17, 18, 19, 20, 21], where also additional
references can be found.
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2.3.1.1 Energy Loss of Protons
For protons there are two relevant processes, first the photo-pion production (2.5)
or Greisen-Zatsepin-Kuzmin (GZK) effect [15, 16], and second the electron-positron
pair production (2.7). The two effects can be understood easily when described from
the restframe of the UHECR. The background photons are now blueshifted by the
Lorentz factor of the UHECR, which means that they may have enough energy to
reach the threshold for the ∆-resonance (≈ 300MeV)
γ + p→ ∆+ → p+ π0 (2.5)
γ + p→ ∆+ → n+ π+ (2.6)
or pair production (≈ 1MeV)
γ + p→ e+e− + p. (2.7)
The energy loss of one GZK interaction ranges from ∆E/E = mπ/(mπ+mp) = 13%
at the threshold of pion production, to ≈ 20% at the ∆(1232)-resonance and even
higer fractions in the case of higher resonances. This fraction is given by the energy
fraction of the ∆-resonance that is carried by the pion. The whole process is usually
described by the so called attenuation length L, which is the distance after which
the energy of the UHECR has dropped to 1/e of the original energy
L ≈ E
∆E
1
nσ
. (2.8)
n is the density of the photon field and σ the cross section for the pion production. It
has to be noted that the reality is more complex than (2.8) suggests, since the CMB
photons follow a Planck spectrum which has to be convoluted with (2.8). The GZK
effect starts to become relevant at several 1019 eV and predicts a strong suppression
of UHECRs above this energy (see section 2.4.1 for experimental results).
For pair production (2.7) the principle chain of thoughts is the same as for the GZK
effect, but the threshold is at several 1017 eV due to the smaller mass of a e+e−-pair
compared to a pion. This smaller rest mass also results in the fact that the relative
energy loss per interaction is only in the order of 10−3, which results generally in
a larger attenuation length. The attenuation lengths of pair production and pion
production are shown in figure 2.3.
A third possibility of energy loss is the Hubble expansion of the universe. On the one
hand there is the direct effect, that the UHECRs are redshifted, on the other hand
the CMB had a higher temperature and density in earlier times which changes the
attenuation length for pair production and the GZK effect. The direct effect is only
relevant for cosmic rays of extragalactic origin, or more precisely outside of the local
galaxy cluster, since gravitationally bound systems do not expand. This leads to the
conclusion that redshift of protons is, if at all, only relevant in a small region around
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1018.5 eV (for a discussion of galactic or extragalactic origin of UHECRs see section
2.1). The redshift of the CMB however effectively limits the maximal propagation
distance, since in the early universe the energy loss of was much stronger, and set
in at lower energies.
2.3.1.2 Energy Loss of Nuclei
All effects that cause energy loss for protons only change the Lorentz factor of the
UHECR but keep the mass constant. In the case of UHECRs being nuclei, in
addition to the Lorentz factor changing effects described in section 2.3.1.1, the rest
mass can also be changed due to interactions with photons.
Although the general effect of pion and pair production remains the same as in the
proton case, the characteristics change a little bit. The threshold for both effects
will go down, as the Lorentz factor is lower for nuclei than for protons of the same
energy. In addition to that the cross section with photons will go up and the relative
energy loss will go down due to the fact that the nuclei are larger and heavier than
protons.
For energies above the ankle these effects are dominated by photodisintegration, i.e.
nuclei or small nucleons are split of by photons of the CMB or IR background. This
results in an attenuation length that is smaller or of the same order of magnitude as
for protons.
The attenuation length (2.8), and in particular the photon cross section, depends
strongly on the exact properties of the nucleus as can be seen in figure 2.4. Note
2.3. Propagation of UHECRs 9
 0.1
 1
 10
 100
 1000
 10000
 100000
 18  18.5  19  19.5  20  20.5  21
(E
-
1  
dE
/d
x)-
1  
[M
pc
]
log10 E [eV]
Helium
Beryllium
Boron
(a)
 0.1
 1
 10
 100
 1000
 10000
 100000
 1e+06
 18  18.5  19  19.5  20  20.5  21  21.5
(E
-
1  
dE
/d
x)-
1  
[M
pc
]
log10 E [eV]
Carbon
Nitrogen
Oxygen
(b)
 0.1
 1
 10
 100
 1000
 10000
 100000
 18  18.5  19  19.5  20  20.5  21  21.5
(E
-
1  
dE
/d
x)-
1  
[M
pc
]
log10 E [eV]
Neon
Silicon
Calcium
(c)
 1
 10
 100
 1000
 10000
 100000
 18  18.5  19  19.5  20  20.5  21  21.5  22
(E
-
1  
dE
/d
x)-
1  
[M
pc
]
log10 E [eV]
Chromium
Iron
(d)
Figure 2.4: Attenuation length of different nuclei due to photodisintegration, caused
by the CMB and the IR background (from [19])
that as soon as a nucleus has lost one nucleon by photodisintegration it becomes
a different nucleus and by this also has a different attenuation length curve. In
particular this means if a nucleus has enough energy for the CMB photons to excite
its resonance (the minima in figure 2.4) it will stay in this resonance even while
loosing energy. This leads to a very small horizon for nuclei with energies above
several 100EeV. This effect can be seen in figure 2.5, where the energy is shown as
a function of the propagation distance.
2.3.2 Propagation in Cosmic Magnetic Fields
Since UHECRs are charged particles they are deflected by magnetic fields on their
propagation path. A general discussion of galactic and extragalactic magnetic fields
can be found in chapter 3. This section will focus on the effect of magnetic fields on
cosmic rays, which is most likely the reason that so far no sources of UHECRs have
been identified.
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(a)
(b) (c)
Figure 2.5: Energy as a function of the propagation distance for protons, iron and
silicon primaries(from [19])
A charged particle in a magnetic field ~B is deflected according to the relativistic
Lorentz force
d~p
dt
= q~v × ~B, (2.9)
where ~p is the momentum and ~v the velocity of the particle (v ≈ c for UHECRs). In
a regular field the trajectory of an UHECR can be described by the gyro radius rg
rg[Mpc] = 1.08
E[EeV]
ZB⊥[nG]
, (2.10)
where E is the energy and Z is the charge of the UHECR while B⊥ is the magnetic
field strength perpendicular to the direction of the UHECR. This results for distances
D ≪ rg in a deflection of
∆θ =
D
rg
. (2.11)
In the case of a turbulent field only the statistical properties of the deflection can be
described. The propagation process can in this case be approximated by a directed
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Figure 2.6: Particle horizon for protons for different magnetic field strengths
random walk of the UHECR, which results in a normal distribution of the arrival
directions around the source of width [22]
σ ≃ 25◦Z
(
D
Λ
)1/2(
Λ
1Mpc
)(
B
1 nG
)(
E
1EeV
)−1
. (2.12)
Λ is the coherence length in which (2.11) is valid, which implies Λ < rg (rectilinear
regime) and D ≫ Λ (random walk).
Another effect of magnetic deflection is the increase of the average propagation
distance compared the source distance which can be described by [23]
τ(E) = 10.6Z2
(
D
10Mpc
)2(
B
100nG
)2(
E
300EeV
)−2(
Λ
10Mpc
)
. (2.13)
It has to be noted that (2.13) is only valid if the energy is constant which is for
extragalactic propagation usually not the case. The changes that have to be applied
to (2.13) to be valid in the case of non constant energy are discussed in section 4.1.
In figure 2.6 the particle horizon is plotted using the PARSEC software [24]. The
particle horizon is in the following defined as the maximal distance of a source for
which particles of a given energy can reach the observer. In the absence of a magnetic
field the particle horizon is equivalent to the GZK horizon. It is obvious that, due
to the increased propagation distance, the magnetic fields has not only an influence
on the arrival directions, but also to spectrum and composition of UHECRs. This
effect is discussed in [25].
Everything discussed above applies to cases if only the statistical properties of the
magnetic field are known. If the magnetic field is known it is relatively straight
forward to solve (2.9) numerically. This is done in numerical propagation tools like
CRT [26] or CRPropa [27], the later of which includes also the correct energy losses
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Figure 2.7: Deflection of UHECRs of 60 EeV in different spiral magnetic field models
(see sec. 3.3) [28]
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Figure 2.8: Deflection of UHECRs of 40 EeV in a extragalactic magnetic field model
from a large scale structure simulation [29]
described in 2.3.1. Deflections from such a propagation in realistic magnetic fields
can be seen in figure 2.7 for different galactic magnetic fields and in figure 2.8 for an
extragalactic magnetic field.
2.4 Experimental Results on UHECRs
There are three properties of UHECRs that are accessible through current experi-
ments, the energy, the composition and the arrival direction. In the following section
recent measurements of these properties by UHECR experiments are described. This
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are mainly results of the Pierre Auger Observatory which is described in greater de-
tail in chapter 5. In addition to that some results of the HiRes Fly’s Eye experiment
(HiRes) (a description of the experiment can e.g. be found in [30] and references
therein) and the Akeno Giant Air Shower Array (AGASA) (a description can be
found in [31]) are discussed.
2.4.1 Spectrum of UHECRs
As discussed in section 2.3 UHECRs with energies above several ten EeV lose energy
very rapidly due to interactions with low energy photons. This should results in
another feature in the spectrum at approximately 50 EeV the so called cutoff (or
sometimes toes) where the spectrum falls very steeply.
While this cutoff was not observed by AGASA [32], the data of HiRes suggested
that a cutoff was present at the highest energies [30, 33] (see figure 2.9). Present
data of the Pierre Auger Observatory [34, 35] show this cutoff with a significance of
20 standard deviations (see figure 2.10).
When comparing these three results it has to be taken into account that fluorescence
telescopes like HiRes and the FD of the Pierre Auger Observatory have a systematic
uncertainty in the order of 20% for the measurement of the energy (see figure 2.10).
For pure surface detectors like AGASA this uncertainty is even bigger. By cross-
calibrating the energy measurements all three spectra can be brought into agreement.
This means the AGASA energies would be scaled down so much that a cutoff is not
expected to be seen in the data.
The interpretation of the cutoff is however still under discussion. One possible
explanation is the GZK cutoff in the case of the most energetic events being protons,
or in the case of nuclei the energy loss from photodisintegration. This would cut off
the contribution of distant sources and by this cause a more steeply falling spectrum.
The other possibility is that the sources of UHECRs are running out of power to
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accelerate particles to higher energies. This reaching of Emax (2.4) could also cause
the cutoff.
Distinguishing between these two models is very difficult because as mentioned before
there is a significant uncertainty on the overall energy scale. Also measurements of
UHECRs with energies above 100 EeV which would allow to distinguish between
the models are still very rare.
2.4.2 Composition of UHECRs
Due to the nature of the UHECR measurement using extensive air showers (see
section 5.1 for a discussion of the effect), a direct measurement of composition of
the primary particles is not possible. A measurement of the composition is usually
performed with a fluorescence detector by a measurement of the shower profile.
Due to the higher number of nucleons, and by this higher multiplicity at the first
interaction, heavy nuclei are expected to reach the maximal emission of fluorescence
light (Xmax) higher in the atmosphere than protons. Also the width of the Xmax
distribution is expected to be smaller for heavier composition.
The Xmax results of HiRes [36] and the Pierre Auger Collaboration [37] are in con-
tradiction to each other (see figure 2.11 and 2.12). While HiRes measured an Xmax
that is compatible with a pure proton composition for UHECRs above the ankle, the
measurement of the Pierre Auger Collaboration points towards a mixed composition
that becomes heavier with increasing energy.
Another possibility to measure the composition is the muon content of the shower.
Since the SD of the Pierre Auger Observatory has no dedicated muon detector this
can be only done for very inclined showers [38] which are muon dominated or using
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Figure 2.11: Xmax and RMS(Xmax) measured by the Pierre Auger Collaboration.
For comparison the expected values for proton and iron primaries are shown, simu-
lated with different interaction models (from [37])
Figure 2.12: Xmax measured by HiRes. For comparison the expected values for
proton and iron primaries are shown, simulated with different interaction models
(from [36])
the risetime of inclined showers in the photomultiplier of the SD [39]. The results of
these measurements also point towards a heavy composition.
It should be noted that the interpretation of Xmax or the muon content always relies
on Monte Carlo simulations of air showers. Since the most energetic interactions
have a center of mass energy of several hundred TeV these interactions have so far
not been studied in collider experiments. Because of that it is uncertain whether
the cross-section of the first interactions can be extrapolated in the fashion as it
is done by current simulations. This results in a systematical uncertainty for the
interpretation of the Xmax measurement.
2.4.3 Photon Fraction of UHECRs
In a similar way as the composition of UHECRs is determined, limits on the photon
fraction of UHECRs can be set. In fact photons are part of the composition, but due
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Figure 2.13: Limit for the photon fraction measured by the Pierre Auger Observatory
(from [40])
to their importance for the exclusion of many top down models they are discussed
separately in this section.
Since photons are expected to penetrate the atmosphere significantly deeper than
protons and nuclei it is possible set limits on the photon flux from the absence of
such photon candidate air showers [40, 7]. For this Xmax and the risetime of the SD
photomultipliers are used.
As shown in figure 2.13 the relative photon flux is below several percent below 20 EeV
and by this most top down models are excluded. This result has the important
implication that it is very likely that UHECRs are accelerated somehow up to the
highest energies (see section 2.2).
2.4.4 Arrival Directions of UHECRs
Since the sources of UHECRs are not known so far, it would be of great interest to
find a clear anisotropy in their arrival directions. The most prominent measurement
at the time is the correlation of the most energetic events of the Pierre Auger Obser-
vatory with the active galactic nuclei (AGN) of the Veron-Cetty and Veron (VCV)
catalog. There have been earlier measurements anisotropic arrival directions (e.g.
[41]), but all these studies had the flaw, that it where a-posteriori analyzes and thus
suffer an observation bias that is very hard to quantify.
To avoid this bias, a prescription was set up with the first data taken by the Pierre
Auger Observatory. In this first data set the optimal correlation parameters where
determined. These parameters are the maximal AGN distance, the minimal UHECR
energy and the maximal correlation distance, which were set to 75Mpc, 57EeV and
3.1◦. These parameters where put into a running prescription, which showed that
the probability of the events above 57EeV to result from an isotropic distribution
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of arrival directions is below 1% [42]. A different analysis using an a-posteriori scan
of the full data set (including the scanned data) resulted in a penalized probability
of 4× 10−5 [43]. It has to be noted that the penalization only includes the scan over
the correlation parameters but not the bias for the choice of the source catalogue.
With an updated data set the chance probability for isotropic arrival directions
stays at the level of 1% [44] (figure 2.14). This is surprising since it is expected
that the chance probability would either go up or down but not stay the same. The
original energy threshold has been changed from 57EeV to 55EeV since the energy
calibration of the surface detector of the Pierre Auger Observatory has changed
slightly.
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Figure 2.14: (a) shows the distribution of the arrival directions of UHECRs above
55EeV (black dots). The blue ellipses are AGN from the VCV catalog having
a radius of 3.1◦. The color coding follows the Auger acceptance. (b) shows the
development of the significance of the AGN-correlation.
3. Magnetic Fields in the Universe
Magnetic Fields range over many orders of magnitude in size and in field strength.
While the smallest magnetic fields are observed at quantum level the largest magnetic
structures are larger than several Mpc. The same diversity is observed for the
magnetic field strength, which is expected to be 1 nG or below in cosmic voids and
up to 1015G at certain classes of neutron stars.
In the following the large scale magnetic field structure of our galaxy and the in-
tergalactic space, which are important for UHECR propagation will be discussed.
Starting with a discussion of the origin of cosmic magnetic fields in section 3.1. In
section 3.2 methods for a measurement of cosmic magnetic fields will be discussed,
followed by the magnetic field models resulting from these measurements in the sec-
tions 3.3 and 3.4. It is the aim of this chapter to review the magnetic field models
implemented in the MC generator in chapter 4, and also to motivate the need of an
UHECR based measurement of magnetic fields which is developed in this thesis.
3.1 Origin of Cosmic Magnetic Fields
The following discussion of the origin of cosmic magnetic fields is largely based
on [45] and will cover only the basic concepts of seed magnetic fields and dynamo
amplification. For a discussion of cosmic magnetic fields it is very educative to take
a closer look to the equation of ideal magneto-hydrodynamics (MHD) (3.1)
∂ ~B
∂t
= ∇× (~v × ~B) + η∇2 ~B. (3.1)
This equation describes the evolution of the magnetic field ~B in the presence of a
moving plasma of velocity ~v, where η is the decay time of the magnetic field. The
first term on the right hand side is the so called dynamo term, which shows that the
energy of a moving plasma can be transferred to a magnetic field. The second term
describes the resistive losses of the magnetic field, however this term is negligible in
most “cosmic” cases, due to the extremely large time scale on which these losses take
place. For a scale of 100 pc it would be of the order of 3× 1025 years [45]. Although
this equation provides a mechanism how to amplify a magnetic field to the currently
measured values, it requires the presence of a magnetic field at the beginning of the
dynamo amplification. A derivation of (3.1) can be found e.g. in [46].
This generation of a magnetic field usually makes use of the different properties
of positive and negative charge carriers. Electrons are, due to their smaller mass,
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more mobile than protons or nuclei and tend to be accelerated stronger for a given
pressure gradient. This leads in general to the generation of an electric field which
will, if its curl is non-zero, produce a magnetic field. This mechanism is called the
Biermann Battery and was first proposed to explain stellar magnetic fields [47]. A
battery term is added to equation (3.1)
∂ ~B
∂t
= ∇× (~v × ~B) + η∇2 ~B + ckB
e
∇ne
ne
×∇T. (3.2)
Here kB is the Boltzmann constant, ne is the electron density and T is the tem-
perature. In (3.2) can be seen that for the battery mechanism only works if the
temperature gradient and the density gradient are not parallel. One example for
such a case would be the first starlight which has ionized the intergalactic medium.
The temperature gradient would be normal to the ionization front, while in general
this is not the case for the temperature gradient. Additional examples are discussed
in [48].
An alternative to the battery mechanism is the generation of magnetic fields during
the ultra-early universe. This could happen either during inflation, or during one
of the phase transitions in the early universe. However all these primordial theo-
ries require some kind of exotic physics, to produce magnetic fields that are strong
enough, and are, although not excluded, not very convincing [49].
Concluding this section, the two main mechanisms of magnetic field creation, dy-
namo and battery, are reasonably well understood, but it is still unclear how mag-
netic fields of the measured strength could be produced during the livetime of the
universe [45].
3.2 Measurement of Cosmic Magnetic Fields
As discussed before it is the aim of this thesis to measure cosmic magnetic fields with
the help of UHECR measurement. In this section the three most important methods
of magnetic field measurement, Zeeman splitting (sec. 3.2.1), starlight polarization
(sec. 3.2.2 and Faraday rotation 3.2.3, are discussed. In addition to this two re-
cently proposed methods for limiting the extragalactic magnetic field are discussed,
the measurement of cascades of TeV photons (section 3.2.5) and the distortion of
the cosmic microwave background (section 3.2.4). A review of measurements and
measurement methods of cosmic magnetic fields can found in [50].
3.2.1 Zeeman Splitting
Zeeman splitting refers to the splitting of absorption and emission lines of atoms
and molecules in the presence of magnetic fields. For the measurement of cosmic
magnetic fields the shift of the HI line is used. Since the magnetic field, and thus
the shift of the HI line is very small only the magnetic field component in the line
of sight can be measured. For this measurement the left and right polarized part
of the HI radiation is measured, between which the line of sight component of the
3.2. Measurement of Cosmic Magnetic Fields 21
Figure 3.1: Compilation of starlight polarization measurements. The length of the
vectors denotes the relative polarization (from [53])
magnetic field B‖ causes a splitting of the lines. From this splitting the magnetic
field strength can be determined. However these measurements are limited to regions
with a large hydrogen density which also have a small HI linewidth, such as cold
molecular clouds, which are only a small fraction of the galaxy. A compilation of
measurements can be found e.g. in [51].
3.2.2 Starlight Polarization
Starlight can be partially polarized by the propagation through the interstellar
medium. It is assumed that spinning dust grains align along their longest axis to the
galactic magnetic field. These dust grains preferentially absorb the component with
the electric field vector ~E in the direction of the long axis, which leads to a partial
polarization [52]. A compilation of starlight polarization is shown in figure 3.1. It
can be seen that the magnetic field is mainly parallel to the galactic plane. These
measurements of starlight polarization are especially sensitive to the direction of the
magnetic field. They show that the local magnetic field, i.e. in the interstellar space
near the sun, is directed to a galactic longitude of ℓ ≈ 80◦, which suggests a spiral
field with a pitch angle of ∼ 10◦ (see sec. 3.3).
3.2.3 Faraday Rotation
The measurement of magnetic fields by Faraday rotation requires sources of linear
polarized electromagnetic radiation. The most common production mechanism of
polarized radiation is synchrotron emission of relativistic electrons in magnetic fields,
which typically results in polarized radio emission. During the propagation to the
earth the polarization of this radiation can be rotated by the effect of magnetic
birefringence, which is called Faraday rotation. A schematic view of the Faraday
effect is shown in fig. 3.2. In the presence of magnetic fields and free electrons, the
polarization axis of linear polarized radiation is rotated. For radio wavelengths the
rotation angle is given by
β = RM · λ2 (3.3)
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Figure 3.2: Schematic view of the Faraday effect. The polarization axis of electro-
magnetic radiation of frequency ν is rotated by an angle β after propagating a
distance d in a magnetic field B (from [54]).
with the rotation measure
RM =
∫ d
0
neB‖ds. (3.4)
λ is the radio wavelength, ne the electron density and B‖ the magnetic field strength
in the line of sight. If the electron density is known, RM gives the integrated field
strength in the direction of the polarized source. The rotation measure can be
determined from polarization measurements at at least two different wavelengths.
If the synchrotron radiation source is a pulsar, the dispersion of the pulsar signal
can be used to determine the electron density
DM =
∫ d
0
neds. (3.5)
This means by using pulsar data the integrated magnetic field strength can be ob-
tained by
〈B‖〉 = RM
DM
. (3.6)
It has to be noted that the magnetic field is still weighted by the electron density.
3.2.4 Cosmic Microwave Background
Several measures have been proposed to conclude from distortions in the CMB to
primordial (i.e. present before the CMB decoupling) magnetic fields. A co-moving
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(i.e. factoring out the expansion of the universe) magnetic field strength of the order
of several nG would cause a significant change in in the temperature anisotropy and
in the E- and B-mode polarization [55, 56, 57, 58]. From the absence of the expected
distortions an upper limit between 1 and 10 nG for primordial magnetic fields is
derived. Since the decay time of large scale magnetic fields is large compared to the
age of the universe (see section 3) these fields would still be present in the voids
between large scale structures.
3.2.5 Cascades of TeV–Photons
Photons of several TeV are expected to interact with extragalactic background light
and to produce e+e− pairs. These electrons and positrons will loose energy due to
inverse compton scattering with CMB photons, producing a cascade of GeV photons.
In the presence of magnetic fields electrons and positrons are deflected in opposite
directions, which would result in a GeV halo around the TeV source. In case of a
zero magnetic field the cascade would contribute to the GeV signal of the source.
This measurement was first performed in [59] using GeV photon data of the Fermi
Gamma-ray Space Telescope and TeV photon data of HESS (High Energy Stereo-
scopic System). The expected GeV flux from two TeV blazars is compared to the
upper limit from the Fermi measurement in the same direction. Since the expected
flux from the cascade is in contradiction to this limit in case of a zero magnetic field
it was concluded that there has to be a magnetic field of at least 3× 10−16G in the
direction of the blazars (see figure 3.4.
3.3 Galactic Magnetic Field Models
The magnetic field of the Milky Way is believed to have a spiral structure. However
it has become clear (see e.g. [60]) that none of the proposed spiral magnetic really
fits the current RM data. This is not surprising if one takes into account that of
these fields is only poorly understood (see section 3.1). To explain the deviations
from the spiral models it is usually argued that the Milky Way has in addition to
the large scale regular field a small scale turbulent field with a coherence length of
about 50 pc.
The most prominent models are the so called symmetric spiral models. One distin-
guishes between the axisymmetric spiral (ASS) and the bisymmetric spiral (BSS),
which means that the two spiral arms have the same (ASS) or opposite (BSS) mag-
netic field direction (see figure 3.3). The following parametrization is take from [61]
and is usually called HMR parametrization, after the authors Harari, Mollerach and
Roulet.
The magnetic field is given in a galactocentric cylindrical coordinate system where
θ is the azimuthal coordinate (clockwise as seen from the galactic north pole), ρ is
the distance from the galactic center, and z is the height above the galactic plane.
The azimuthal dependence of the magnetic field is given by
Bsp = B0(ρ) cos (θ − β ln(ρ/ξ0)) , (3.7)
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Figure 3.3: Spiral magnetic field models. (a) shows an axisymmetric spiral, (b) a
bisymmetric spiral. The blue point indicates the position of the earth.
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for the BSS configuration and by
Bsp = B0(ρ) cos
2 (θ − β ln(ρ/ξ0)) (3.8)
for the ASS configuration. ξ0 = 10.55 kpc corresponds to the galactocentric distance
of the maximum of the field in our spiral arm and β = 1/ tan p = −5.67, where the
pitch angle is taken as p = −10◦.
The radial and azimuthal components in the galactic plane are given by
Bρ = Bsp sin p, (3.9)
Bθ = Bsp cos p. (3.10)
B0(ρ) =
3r0
ρ
tanh3(ρ/ρ1) µG (3.11)
is used with r0 = 8.5 kpc the Sun’s distance to the galactic center and ρ1 = 2 kpc.
For the dependence on z, an exponential decrease of the magnetic field with two
different lengthscales is assumed, which corresponds to a contribution from the disk
and from the halo. For the symmetric S models it is given by
BS(ρ, θ, z) = B(ρ, θ, z = 0)
(
1
2 cosh(z/z1)
+
1
2 cosh(z/z2)
)
, (3.12)
with z1 = 0.3 kpc and z2 = 4 kpc. The field reversal at the galactic plane in the
antisymmetric A models is modelled by BA(ρ, θ, z) = BS(ρ, θ, z) tanh(z/z3), with a
scale height of z3 = 20 pc.
These models result in a magnetic field strength of ∼ 1 µG at the position of the
sun1.
3.4 Extragalactic Magnetic Field Models
At the beginning of this section it should be clarified in which sense “extragalactic”
magnetic fields (EGMF) is used in the following. In the literature it is sometimes also
used for magnetic fields in external galaxies, but in the following only the large scale
magnetic fields between galaxies and galaxy clusters will be addressed as EGMF.
The magnetic fields in external galaxies is nevertheless interesting, since they are an
indication how the magnetic field in our own galaxy might look like (see section 3.2
and 3.3). In addition to that it most likely plays an important role in the acceleration
of UHECRs (see section 2.2). However, due to their small extension compared to
the universe these fields play almost no role in the propagation of UHECRs, and by
this are of limited interest in the context of this thesis.
EGMF (sometimes also called intergalactic magnetic fields) are to a large extend
unknown, since they are very hard to measure by conventional methods (see sec-
tion 3.2). Measurement of the EGMF in galaxy clusters exist [50], but the fields
1[61] suggests that the field strength should be 2 µG, however this is not realized in the model
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Figure 3.4: Observational bounds on the magnetic field strength and correlation
length in extragalactic space. The different shades of gray and the black hatched
region denote observational exclusion limits. The orange hatched region shows the
allowed region for different models of primordial magnetic fields(from [59]).
in the filaments and voids of the Universe are almost completely unknown. The
allowed parameter space for extragalactic fields of Mpc coherence lengths extends
from 3× 10−16G to 2× 10−9G, which are roughly 7 orders of magnitude (see figure
3.4). Another possibility to address the question of EGMF is due to simulations of
the large scale structure of the Universe (see e.g. [29, 62, 63]). The magnetic field
strengths obtained by these simulations are also varying, dependend on the initial
conditions, by several orders of magnitude.
Since the structure of the EGMF is also largely unknown it is often assumed to be a so
called Kolmogorov field (see e.g. [64, 25]). The field consists of randomly distributed
turbulence of different scales, to which the energy is distributed as given by dE/dk ∝
k−5/3. The properties of this turbulent field are determined by the average field
strength B and the scale of the largest turbulence λmax. Also a commonly used
quantity is the coherence length which is given by Λ = λmax/5.
4. Monte Carlo Model of UHECR
Propagation
For the interpretation of the measured arrival directions and energies of UHECRs it
is necessary to compare these measurements to a theoretical expectation. The most
straightforward approach for such a simulation of the theoretical expectation is a
tracking of individual particles from the sources to the observer through a magnetic
field. Such an approach (see e.g. [62]), although having the advantage of minimum
bias, suffers from a low efficiency since the observer has to be chosen very small
compared to the source distance.
In the following the MC generator PARSEC (PARametrized Simulation Engine for
Cosmic rays) [24] is discussed, which follows a different approach. Using parametriza-
tion of the galactic and extragalactic magnetic deflection, in the case of galactic
magnetic fields supported by backtracking data, PARSEC is based completely on
probability densities for the arrival directions of cosmic rays. These probability
density functions (pdf) are stored as a vector in the HEALpix scheme [65] which
allows an easy transformation of the pdfs and a fast realization of UHECR arrival
directions. In section 4.1 the construction of a pdf from a source distribution and a
extragalactic deflections will be discussed, while in section 4.2 a transformation of
this pdf is derived that accounts for galactic deflections. In section 4.3 the technical
realization and performance of PARSEC is discussed.
4.1 Propagation in Extragalactic Magnetic Fields
The pdf for arrival directions is stored in the HEALpix scheme, which is an equal
area pixelization of the sphere. This allows a mapping of a direction (θ, φ) to a
pixel or element j of a probability vector p. The probability pj of every pixel at a
given energy Eobs is predicted by the source model ΩS = (S1, ..., SN) (consisting of
the sources Sk), the energy loss model Ω∆E and the extragalactic deflection model
ΩEGMF for a given particle species. The conversion of these models to a pdf is given
by
pj = Γ
∑
k
fS(Sk) · fB(ΩEGMF , Sk) · fE(Sk,Ω∆E,ΩEGMF ) (4.1)
where fS accounts for the effect arising from the luminosity and distance from the
source, fB for the deflection in the EGMF and fE for the source spectra and energy
loss processes. Γ is a global normalization constant.
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The first factor fS(Sk) = Lk/D
2
k is purely geometrical and consists of the distance
Dk and the luminosity Lk of the source k.
The second factor fB(ΩEGMF , Sk) is given by the EGMF configuration which is in
the following assumed to be turbulent, resulting in a Fisher distribution [66]. The
Fisher distribution reads as
fB(~xk, ~yj, κ) = κ
eκ(~xk~yj)
4π sinh(κ)
(4.2)
where ~xk is the source direction, ~yj the direction of the pixel j. κ = 1/σ
2 is the
concentration parameter, with σ as given in (2.12).
The third factor accounts for the energy loss of the UHECR during propagation and
is, for a source spectrum following a power law with index γ, given by
fE(Sk,Ω∆E ,ΩEGMF ) = Einj(Sk,Ω∆E ,ΩEGMF )
γ+1. (4.3)
The injection energy Einj is calculated in continuous energy loss approximation
using the attenuation length for protons as given in figure 2.3 (without adiabatic
expansion). In the case of nuclei the attenuation curve for iron is used (see figure
2.4). It should be noted that the UHECRs in the following gain energy since the
injection energy is calculated from the observed energy. While protons can gain
energy up to the maximum energy of the source, nuclei can only gain energy up
to a user defined multiple of the observed energy. The reason for this is that the
dominant energy loss process is photo disintegration which changes the mass of the
nucleus and therefore its properties. One should note that the treatment of nuclei is
very simplistic and does not account for a change of species during the propagation
or secondaries from photo disintegration.
For the calculation of the injection energy also the propagation distance is needed.
This can be calculated in the case of a negligible energy loss as given in (2.13). For
a correct handling of the propagation distance the infinitesimal version of (2.13) can
be used
τ ∝
∫ Dk
0
(
2xB2Λ
E2
dx− 2B
2x2Λ
E3
dE
dx
dx
)
. (4.4)
The second term can be neglected, assuming dE
dx
x
E
being small. Since E(x) depends
on the extra distance τ , (4.4) is an integral equation which can be solved iteratively
by a transition from the integral to a Riemann sum
τ ∝
N∑
i
B2Λ
E(xi +
xi−xi−1
2
(x2i − x2i−1) (4.5)
with xN = Dk.
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Figure 4.1: Probability maps calculated with PARSEC. The left column shows the
arrival probability for UHECRs of an observed energy of 5 EeV the right column of
75 EeV. Darker blue indicates a higher, lighter blue a lower arrival probability on
an arbitrary scale. In the top row the pdf for a turbulent EGMF of B = 3nG and
Λ = 1Mpc is shown. The middle row shows the application of a BSS S GMF with
a normalization of 0.48µG, while the bottom row shows the pdf for an observation
with the Pierre Auger Observatory (from [24]).
Using these definitions a pdf can be calculated from an arbitrary source distribution,
as shown in figure 4.1(a,b) for sources from the Veron-Cetty and Veron catalog [67],
where a turbulent extragalactic field of B = 3nG and Λ = 1Mpc is applied.
4.2 Propagation in Galactic Magnetic Fields
Since energy loss processes can be neglected for galactic propagation distances, the
propagation in galactic magnetic fields can be interpreted as the mapping of the
entering point and entering direction direction outside the galaxy and the arrival
direction at earth. In PARSEC this is realized as a mapping between the entering
direction and the observed direction, while averaging over all possible entering points,
which is a valid assumptions if the source distances are much larger than the diameter
of the galaxy. This means every pixel n outside the galaxy is mapped to a pixels m
at earth with the probably lm,n. Calculating this probability for all m and n results
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Figure 4.2: PARSEC simulation chain. In the module “BCGenerator” a basic con-
tainer, a container that holds PXL objects, is created. In the “Source Module” the
sources are added to the basic container, while in the “EGMF Module” and the
“GMF Module” the galactic and extragalactic propagation effects are calculated.
in a matrix Li which transforms the pdf outside of the galaxy to the observed pdf
at earth for every energy i. This reads formally
piobs = Lipieg. (4.6)
The construction of Li is performed as follows. For every energy i a number of UHE-
CRs arriving isotropically on earth is backtracked out of the galaxy. The number of
trajectories between the pixel n at earth and the pixel m outside the galaxy gives
the element l˜n,m of the matrix L˜i.
In order to interpret the matrix elements as arrival probabilities L˜i has to be nor-
malized by the maximum of the sum of columns of all lenses, which is the maximum
of the unity norm ‖L˜i‖1. This results in the lensing matrix
Li = L˜
i
‖L˜i‖1
. (4.7)
Note that the lenses are by construction implicitly fulfilling Liouvilles theorem, as
isotropic arrival directions outside the galaxy are mapped to isotropic arrival direc-
tions at earth (see [61]).
The effect of magnetic lensing can be seen in figure 4.1(c,d) where peg is transformed
by a BSS S magnetic field model (see 3.3) with a normalization of 0.48 nG.
4.3 Realization and Performance
In principle an arbitrary precision in angular and energy binning is possible in PAR-
SEC. In the following a pixelization scheme with 49,152 pixels and a log-linear bin-
ning of 100 bins between 1018.5EeV and 1020.5 EeV is used. This corresponds to a
diameter of the pixels of 0.9◦ and an width of the energy bins of 4.7%, which is both
in the order or below the resolution of the Pierre Auger Observatory (see chapter
6).
PARSEC is implemented in C++ using the Physics Extensions Library (PXL) and
uses VISPA [68, 69] for the graphical steering of the simulation components. An
exemplary simulation chain for the production of the probability density maps is
shown in figure 4.2.
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For the construction of the galactic deflection matrix, for every energy bin 1, 000, 000
UHECRs arriving isotropically at earth are backtracked using CRT [26].
The performance of parsec needs to be in a range, where one set of 100 probability
maps is calculated in a few minutes. To reach this performance it is necessary to
approximate sources at large distances as isotropic flux. For this the sources are
split into 20 distance bins and after the calculation of the contribution from each
bin, the optimization parameter
a = Lint
max pieg −min pieg
max pieg +min p
i
eg
(4.8)
is calculated. Lint is the integrated flux from the sources in the distance bin. If a
is below a given value the calculation is aborted and the flux from the additional
sources is considered to be isotropic. For all upcoming simulations a < 0.1 is used
which introduces an error of less than 2% to the simulation.
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5. The Pierre Auger Observatory
The Pierre Auger Observatory is currently the worlds largest experiment for the
measurement of UHECRs. Its southern site (in the following also addressed as Pierre
Auger Observatory) is situated in western Argentina near the city of Malargu¨e in
the province Mendoza. An additional northern site of is planned near the city of
Lamar, Colorado.
The Pierre Auger Observatory combines two successfull technologies for the measure-
ment of UHECRs, the surface detector (SD) which is described in detail in section
5.2 and the fluorescence detector (FD) which is described in section 5.3. In section
5.4 a short introduction to the High Elevation Auger Telescope (HEAT), the Auger
Muons and Infill on the Ground Array (AMIGA) and the Auger Engineering Radio
Array (AERA), which are lower energy extension of the Pierre Auger Observatory, is
given. The planned northern site of the Pierre Auger Observatory is also discussed.
In section 5.5 the measurement of UHECRs with FD and SD will be discussed. The
effect of extensive air showers (EAS) on which all UHECR detection methods are
based is discussed in section 5.1. The following analysis is based on the measure-
ments of the Pierre Auger Observatory. It is the aim of this chapter to provide the
technical background for the discussion of the data set in chapter 6.
5.1 Extensive Air Showers
When a cosmic ray is entering the atmosphere it collides with the molecules of the
atmosphere and by this produces a cascade of secondary particles. Such a cascade
is commonly referred as air shower. The size and the number of secondary particles
depends on the energy of the primary particle. UHECRs induce very large air
showers, or so called extensive air showers (EAS), which have lateral extends ranging
from several hundred meters up of several kilometers at ground level.
EAS induced by protons or nuclei, which are the vast majority of UHECRs (see
section 2.4.2), consist of three components, the hadronic, the muonic and the elec-
tromagnetic component.
At the first interaction of the UHECR with a nitrogen or oxygen nucleus a number
of mesons, mostly pions and about 10% kaons (in the following discussion kaons
will be neglected), is produced starting the hadronic component of the EAS. These
secondary particles either decay or interact with atmospheric nuclei again producing
more pions. In each of these hadronic interactions between 10 (for later interactions)
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Figure 5.1: Detectors of the Pierre Auger Observatory. In the foreground a
surface detector station, in the background the fluorescence detector station at
Coihueco(from [70])
Figure 5.2: Map of the Pierre Auger Observatory (from [70])
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Figure 5.3: Evolution of an extensive air shower (taken from [72]).
and a few 100 (for the first interaction) new particles are produced, roughly one third
π0, and two thirds π±.
The electromagnetic component is induced by the decay π0 → γγ, followed by a
γ → e+e− pair production. The resulting electrons and positrons again produce
photons by interactions with atmospheric nuclei. The decay length of π0 is very
short, compared to the interaction length with atmospheric nuclei, for the complete
pion energy range in an EAS. This implicates, that the energy of the π0 is com-
pletely transferred to the electromagnetic component, which is roughly one third of
the energy for every hadronic interaction. Following from that between 85% and
90% of the UHECR energy is transferred to the electromagnetic component. The
electromagnetic cascade finally stops if the secondary photons drop below the pair
production threshold of ∼ 1MeV. After this the electrons and photons continue
to loose energy by interactions with the atmosphere, exciting nitrogen or oxygen
molecules which are emitting fluorescence light that can be measured in the FD.
The muonic component is induced by the decay π± → µ± + νµ. These muons and
the remaining electromagnetic cascade can be measured in the SD.
If the energy of the secondary pions decreases to a point where the interaction length
with the atmosphere of the pions is much larger than their decay length the hadronic
cascade ends.
In figure 5.3 this evolution of an EAS is shown schematically. A more detailed
discussion of EAS can be found e.g. in [5, 71].
5.2 The Surface Detector
The surface detector of the Pierre Auger Observatory consists of 1600 water Cerenkov
detectors in a hexagonal grid with a spacing of 1.5 km. The SD samples the shower
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front at ground level by a measurement of relativistic secondary particles. A detailed
description of the SD can be found in [73].
Each SD station consists of a tank which is sealed with reflecting material filled with
12 t of purified water and three photomultipliers (see figure 5.4). With this setup the
Cerenkov light of relativistic particles which are crossing the tank can be measured.
In addition to this a SD station consists of readout and trigger electronics, a GPS
receiver, a communication antenna and a solar panel with a battery for power supply.
The SD has a duty cycle of almost 100%
In the process of measuring an EAS from the muons and electrons measured in SD
stations there are in total five trigger levels (T1-T5). T1 and T2 are applied at
the level of a single SD station to determine whether the measured signal is strong
enough to originate from an EAS. If by this a candidate station is triggered the
measured signal and a GPS timestamp is transferred to the central data acquisition
system (CDAS). For the T3 or event trigger the CDAS now searches for compact
patterns in time and space in these candidate stations. If at least 3 SD stations are
found in such a cluster the T3 is fullfilled which means that the SD array is read out
and a candidate event is stored for offline reconstruction.
T4 and T5 are not triggers in a strict sense since they are applied after the data
acquisition, but are are usually referred as such since they work similarly. The T4
or physics trigger is used to discriminate between real EAS and incidental triggers
from background muons. The T5 or quality trigger selects events that are com-
pletely observed by the SD, i.e. not at the border of the array. To provide this
the T5 requires that the station with the highest signal is completely surrounded by
operational stations. More details of the trigger system of the SD can be found in
[74].
The reconstruction of an SD event is discussed in section 5.5.
5.3 The Fluorescence Detector
The fluorescence detector of the Pierre Auger Observatory consists of 24 fluorescence
telescopes. The four FD buildings Coihueco, Loma Amarilla, Los Morados and Los
Leones, each containing six telescopes, are overlooking the SD array (see figure 5.2).
For a plan of the FD buildings see fig. 5.5(a). A detailed description of the FD can
be found in [7].
Each telescope has a camera consisting of 440 photomultipliers which are arranged in
hexagonal pixels. The fluorescence light is reflected to this camera from a parabolic
segmented mirror (see figure 5.5(b)) after passing through an UV filter and a collector
ring. Each telescope has a field of view of approximately 30◦× 30◦, which results in
an azimuthal coverage of 180◦ for each FD building. The FD can only be operated
in cloudless and moonless night, which results in an average duty cycle of 13%
Together with the atmosphere the FD forms a calorimeter. As discussed in section
5.1 the electromagnetic cascade is absorbed by the atmosphere exciting air molecules
which are emitting UV photons. The emitted energy is proportional to the total
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Figure 5.4: Schematic view of a SD station (from [72]).
(a) (b)
Figure 5.5: (a) shows the plan of a fluorescence detector building. The six fluores-
cence telescopes (b) are arranged in a half-circle to cover an azimuthal range of 180◦
(from [7]).
energy of the EAS. The conversion factor, the so called fluorescence yield, can be
measured in the laboratory.
For the measurement of an FD event, first several pixels need to cross a trigger
threshold. If the triggered pixels form a continuous trace with a time ordering the
FD event is read out. If a FD event is triggered also a T3 signal is sent to the SD to
read out the array close to the measuring FD building. The reconstruction of such
an FD event is discussed in section 5.5.
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(a) (b)
Figure 5.6: (a) shows the HEAT telescopes in tilted position. On (b) the site of
AMIGA is shown. The red lines show the field of view of HEAT, the blue dots the
standard SD stations, the green (750m) and the red (433m) dots the the planned
postions for the infill stations and the MCs. Both pictures are from [76]
5.4 Extensions of the Pierre Auger Observatory
The Pierre Auger Observatory has several extensions that are planned or were re-
cently deployed. HEAT (section 5.4.1) and AMIGA (section 5.4.2) are extensions
that will lower the detection threshold of the Auger Observatory to 1017 eV, which
will allow to match the measurement of spectrum and composition (see section 2.4)
to experiments operating at lower energies like the KASCADE experiment [75].
AERA (section 5.4.3) aims to measure UHECRs by their radio emission and is a
development detector for this new measurement technology. Auger North (section
5.4.4) is in a strict sense not an extension of the Pierre Auger Observatory, but part
of its original design. It will extend the field of view of the Auger Observatory to
the northern hemisphere and in addition to that will increase the exposure for the
most energetic events.
5.4.1 The High Elevation Auger Telescope
The High Elevation Auger Telescope is a low energy extension to the FD and is
situated near the FD station Coihueco. The three telescopes of of HEAT have the
same design as the regular FDs but can be tilted by 30◦. This allows the observation
of lower energetic air showers, which have a a higher shower maximum (compare
figure 2.11 and 2.12), and thus are outside of the field of view of the regular FD.
To allow a hybrid reconstruction HEAT overlooks the SD infill array at the AMIGA
site (see section 5.4.2).
HEAT was completed and is taking data since 2010. A more detailed review of
HEAT can be found in [76]
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5.4.2 The Auger Muons and Infill on the Ground Array
The Auger Muons and Infill on the Ground Array (AMIGA) consists of an infill for
the SD and additional muon counters (MC). It is planned to deploy 61 SD tanks in a
750m spacing and 24 SD tanks in 433m spacing within the existing 1500m grid (see
figure 5.6(b)). The MCs which consist of three scintillator modules are buried next
to each tank in the infill area. The smaller spacing allows a measurement of lower
energy events, while the MCs allow a separate measurement of the muon component
of the air shower.
35 SD tanks of the infill are already deployed and are taking data. A more detailed
description of AMIGA can be found in [76].
5.4.3 The Auger Engineering Radio Array
The Auger Engineering Radio Array (AERA) aims to measure a radio signal from
EAS. It is expected that the interaction electromagnetic component of the air shower
with the magnetic field of the earth causes a radio emission at frequencies between
30MHz and 80MHz.
AERA is situated at the same site as AMIGA and is designed to consist of 161 radio
detector stations (RDS) which are arranged in a dense core with a spacing of 150m
surrounded by RDS in a spacing of 250m and 375m. If completed AERA will cover
20 km2, and will provide in this area an additional independent detection method
for UHECRs. In combination with AMIGA and HEAT it will allow a multi-hybrid
measurement of UHECRs. A figure 5.7 shows a RDS.
The first 24 RDS where deployed in the middle of 2010, the deployment of the
remaining stations is planned after an evaluation of the current RDS. A more detailed
review of AERA can be found in [77]
5.4.4 The Northern Site of the Pierre Auger Observatory
The Pierre Auger Observatory was planned from its earliest beginning to cover
the whole sky, which requires an observatory in the northern and in the southern
hemisphere. The northern site of the Pierre Auger Observatory, in the following
addressed as Auger North, had been planned to be build near the city of Lamar in
the state of Colorado, USA. It will consist of 4400 water Cerenkov tanks, of which
4000 are arranged in a
√
2 mile (or 2.3 km) rectangular grid. The additional 400
tanks are planned as a infill with 1 mile spacing1. This results in a size of the SD
of 20 000km2. The SD is overseen by a total of 39 fluorescence telescopes covering
almost the whole area. The planned design is shown in figure 5.8 which shows the
positions of the SD tanks and the approximate viewing distance of the FD. Auger
North is described in greater detail in [78].
Auger North is at the moment in in the planning state. Due to funding reasons the
start of construction is delayed or might cause a change of the site location.
1The spacing follows the street infrastructure at the site, which is almost completely covered by
a 1 mile street grid.
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Figure 5.7: Radio detector station of AERA (from [77]).
5.5 Reconstruction of EAS with the Pierre Auger
Observatory
In the following the measurement arrival direction and energy of an UHECR is
discussed. This is done using the example of an event (Auger ID 201001904232)
measured in the beginning of 2010 by the SD and three FD telescopes (see figure
5.9). A much more detailed discussion of the reconstruction of EAS can be found
e.g. in [79, 80].
5.5.1 Reconstruction with the Fluorescence Detector
For a successfull reconstruction of a shower with the FD, the measured energy in the
triggered pixels as well as their timing information is needed. The so called hybrid
reconstruction uses in addition to that the timing information of the SD station with
the strongest signal. The trace in the detector and the timing information (see figure
5.10(a)) allow the reconstruction of the arrival direction.
The energy can be reconstructed from the strength of the signal that is measured in
the FD camera. Figure 5.10(b) shows the measurement of the energy per distance
dE/dX measured by the FD. The atmospheric height is in this case given in terms
of the slant depth X, which is given by
X =
∫
ρ dr, (5.1)
where ρ is the mass density of the atmosphere and r the distance along the path of
the UHECR. This means small values of X correspond to high altitudes large values
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Figure 5.8: Layout for the northern site of the Pierre Auger Observatory (from [78]).
Figure 5.9: EAS measured by the Pierre Auger Observatory
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Figure 5.10: Auger event 201001904232 measured with the FD station at Los Leones.
(a) shows the triggered pixels where the color coding denotes the timing information
(purple corresponds to early, red to late). In (b) the measured shower profile (black)
and the fitted Gaisser-Hillas-function (red line) is shown
to low altitudes. This definition of the slant depth is usefull since it reduces the
dependence of the shower profile from the zenith angle.
In general the FD is not able to observe the complete shower profile, due to its
limited field of view. To extrapolate to regions outside the field of view the Gaisser-
Hillas-function
fGH(X) =
(
dE
dX
)
max
(
X −X0
Xmax −X0
)(Xmax−X0)/λ
e(Xmax−X)/λ (5.2)
is fitted to the shower profile. X0, Xmax and λ are free parameters. Fitting (5.2) also
allows to determine a possible contribution from Cerenkov radiation to the measured
profile.
Eem =
∫
fGH(X)dX. (5.3)
By integrating over the Gaisser-Hillas-function the energy of the electromagnetic
component, which holds 85% to 90% of the total energy of the shower, can be
determined.
In addition to the energy the composition of UHECRs can be determined from the
shower profile since Xmax is sensitive to the species of the primary particle (see
section 2.4.2).
5.5.2 Reconstruction with the Surface Detector
While the the FD measures the profile of an EAS in, the SD samples the shower front
at ground level. To measure an UHECR, at least three SD stations need to trigger
coincidentally. From the timing information of SD stations (see figure 5.11) the
arrival direction of the UHECR can be reconstructed. For three triggered stations
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Figure 5.11: Auger event 201001904232 measured with the SD. The color coding in
(a) denotes the trigger time of the station (yellow corresponds to early, red to late)
and the size of the circles denotes the strength of the signal. The black line shows
the azimuthal shower direction (or shower axis) and the black dot on its end the
shower core. In (b) the signal strength of the tanks is plotted versus the distance
to the shower axis (same color coding as in (a)). The red line is the fitted LDF as
given in (5.4) and the red cross shows the energy estimator S1000
this is done with a plane wave fit in the case of three triggered stations, or with a
spherical wave fit in the case of four or more triggered stations.
The energy of the shower is measured by reconstructing the shape and the size of the
shower. For this a lateral distribution function (LDF) is fitted to the tank signals
(figure 5.11(b)), which is given by
S(r) = S1000
( r
1000m
)−β ( r + r0
1000m + r0
)−β
. (5.4)
The LDF is normalized to S1000, the signal that a hypothetical tank would measure
in a distance of 1000m to the shower axis. The parameter r0 is fixed to 700m and
for β a zenith angle dependent parametrization is chosen (see e.g. [80]). Since S1000
is dependent on the zenith angle,
S38 = S1000/CIC(θ) (5.5)
is introduced as an zenith independent energy estimator with the so called constant
intensity cut
CIC(θ) = 1 + a
(
cos2(θ)− cos2(38◦))+ b (cos2(θ)− cos2(38◦))2 . (5.6)
The experimentally obtained parameters are a = 0.90± 0.05 and b = −1.26± 0.21
[81].
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Figure 5.12: Calibration curve for the SD (from [81])
This energy estimator is calibrated with events reconstructed with the FD and the
SD, as shown in figure 5.12. The conversion from S38 to energy is given by
E = cSd38 (5.7)
with c = (1.51 ± 0.06(stat) ± 0.12(syst)) × 1017 eV and d = 1.07 ± 0.01(stat) ±
0.04(syst) which where obtained from a fit to the data.
The event 201001904232 (see figure 5.9, 5.10 and 5.11) was reconstructed to an arrival
direction of (θ, φ) = (39.9◦± 0.4◦, 202.4◦± 0.4◦) with the FD and (θ, φ) = (40.41◦±
0.16◦, 201.65◦ ± 0.28◦) with the SD. The measured energy was 27.7± 0.6EeV with
the FD and 27.0±0.8EeV with the SD. Both results agree within their uncertainties.
6. Characterization of the Data
Set
In the following chapter the data set that is used for the analysis in the chapters 7 and
8 is described. In section 6.1 the selection of the data set is described. The acceptance
of the Pierre Auger Observatory, which characterizes the arrival directions of the
measured UHECRs is discussed in section 6.2. In section 6.3 and 6.4 the angular
and the energy resolution is discussed.
6.1 Data Selection
For the following analysis SD data taken between January 1st 2004 and October 31st
2010 reconstructed with Offline [82] is used to which the following cuts are applied.
• Only vertical showers, i.e. zenith angle θ < 60◦
• T5 fullfilled
• Periods of bad detector performance (bad periods) are excluded
• Energy E > 5EeV
The zenith angle cut is chosen since the standard SD reconstruction (see section
5.5) is only valid up to θ = 60◦. A reconstruction for horizontal showers is in
development, but is not included in the data set. The T5 is described in section 5.2
and provides a good reconstruction quality of the SD events. So called bad periods,
which are periods in which the SD was not fully operational, are excluded also from
the data set. These cuts result in an integrated exposure of 20 000km2 sr year.
While first three cuts are applied to guarantee a good reconstruction quality the
energy threshold of 5EeV is chosen since it can be assumed that these UHECRs
are of extragalactic origin. As discussed in section 2.1 there are two competing
theories two explain the ankle, but both predict the UHECRs to be predominantly
extragalactic above 5EeV.
A distribution of the arrival directions of the data set is shown in figure 6.1
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Figure 6.1: Arrival Direction of the UHECRs in the Data Set
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Figure 6.2: Relative aperture for the SD determined from simulations of EAS. On the
left the angular and energy dependence of the effective detector surface is shown.
On the the relative aperture for proton and iron primaries and different trigger
conditions (3ToT equals three and 4ToT four triggered SD stations) is shown (from
[83]
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6.2 Detector Acceptance
The relative aperture, i.e. fraction of the actually measured UHECRs, of the SD
reaches 100% for energies of roughly 3EeV (see figure 6.2).
Above this energy it can be assumed that the SD detects all UHECRs with a zenith
angle θ ≤ 60◦. Following from that the relative exposure ω in local coordinates is
given by
ω(θ) ∝ sin θ cos θ. (6.1)
In equatorial coordinates this transforms to [84]
ω(δ) ∝ cos(a0) cos(δ) sin(αm) + αmsin(a0) sin(δ), (6.2)
where αm is given by
αm =


0 if ξ > 1
π if ξ < −1
cos−1(ξ) otherwise
(6.3)
and
ξ ≡ cos(θm)− sin(a0) sin(δ)
cos(a0) cos(δ)
. (6.4)
The latitude of the SD is given by a0 = −35◦ and the maximal zenith angle is
θm = 60
◦. Following from this the relative exposure is a function only depending on
the declination.
It has to be noted that even for energies above 3EeV small variations from (6.2) are
possible. One effect is that the SD was taking data also during it was built, which
increased the exposure over time. This so called growing detector effect is present
in the data taken before 2008. A similar effect can also be caused by bad periods.
It is shown in section B that the deviations from (6.2) have no significant influence
on the performed analysis.
6.3 Angular Resolution
The angular reconstruction of the SD is done in local coordinates (θ, φ). The angular
resolution is given by
AR = 1.51
√
σ2θ + σ
2
φ sin
2 θ
2
, (6.5)
where σθ,φ is the reconstructed uncertainty of the respective angle [85]. The angular
resolution, as given in (6.5), is defined in a way that 68% of the true directions are
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Figure 6.3: Angular resolution as a function of the zenith angle (θ) for events with
an energy above 3 EeV, and for various station multiplicities (from [85].
covered, assuming a Gaussian distribution around the recostructed arrival direction.
Figure 6.3 shows the angular resolution distribution for all events with energies
above 3EeV. The angular resolution is given as a function of the multiplicitiy and
the zenith angle. For events with 6 or more SD stations the angular resolution is
better than 0.9◦. These six-fold events are usually identified with energies above
10EeV. The events with energies between 5EeV and 10EeV are a mixture of lower
multiplicities (20%) and 6-fold events (80%), which increases the angular resolution
slightly.
For the following analysis AR = 1◦ is adopted, which is consistent with [86].
6.4 Energy Resolution
As the energy of the SD is calibrated by the FD, there are two sources of uncertainties
for the SD energy. On the one hand the uncertainties from SD energy reconstruction
as described in section 5.5.2 and on the other hand the uncertainties to the energy
scale of the FD reconstruction. The SD uncertainties are caused by shower-to-shower
fluctuations which alter the properties of the shower front and the uncertainties of
the signal measurement in the SD stations. Additional contribution arise from the
the parametrization of LDF (5.4), the constant intensity cut (5.6) and the conversion
from S38 to energy (5.7). These uncertainties add up to a statistical uncertainty of
16% for energies above 5EeV (figure 6.4).
The uncertainty of the overall energy scale is 22% [81]. The main contribution to
this is the uncertainty of the fluorescence yield followed by uncertainties from the
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Figure 6.4: Energy resolution of the SD. The red line shows the systematical and
the black line the statistical uncertainty from the calibration procedure with FD
measurements. The black squares show the statistical uncertainty arising from the
measurement of the energy estimator S38 of the SD (from [79]).
recontruction method (section 5.5.1) and the absolute calibration of the FD. The
systematical uncertainty of the SD callibration is negligible over almost the entire
energy range (see figure 6.4).
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7. Energy-Energy-Correlations
The energy-energy-correlation (EEC) is an observable that is sensitive to an energy
ordering within a given phase space. It was first proposed as a test for quantum
chromodynamic (QCD) [87], as QCD predicts a certain energy distribution within
jets. It has been successfully used for a measurement of the strong coupling constant
αs [88, 89] or as a test of QCD models [90].
Since it is expected that UHECRs are accelerated at discrete sources (see section
2.4) the deflection in cosmic magnetic fields would result in an energy ordering in
the arrival directions of UHECRs (see (2.12)). A method of measuring EECs for the
arrival directions of UHECRs has first been described in [91].
In the following chapter the EEC observable will be defined (section 7.1) and a
method for its measurement in the arrival directions of UHECRs is described (section
7.2. In section 7.3 the effect of experimental uncertainties on the measurement is
discussed. In section 7.4 the measurement of the EEC distribution with UHECR
data of the Pierre Auger Observatory is presented.
7.1 Definition of Energy-Energy-Correlations
In high-energy physics the EEC is measured in the jets of a particle decay. To apply
this concept to the arrival directions of UHECRs a region of interest (ROI) is defined
which covers a limited area of the sky. A ROI is sketched in figure 7.1. The exact
procedure for the choice of ROIs is discussed in section 7.2.1.
The EEC is defined for two UHECRs i and j within the same ROI by
Ωij =
(Ei − 〈E(αi)〉) (Ej − 〈E(αj)〉)
EiEj
, (7.1)
where Ei is the energy of the UHECR i with the angular distance αi to the center
of the ROI. 〈E(αi)〉 is defined as the averaged energy in the distance αi to the ROI
center. If there is more than one ROI, as it will be the case in the following, it is
also averaged over all ROIs.
7.2 Energy Energy Correlation Method
In the following section the process of calculating the EEC distribution from the
arrival directions and energies of UHECRs is discussed. This is done using the data
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Figure 7.1: Region of interest (from [91])
set defined in chapter 6. First ROIs are chosen by using a simple cone jet algorithm
(section 7.2.1), in which the EEC distribution is calculated (section 7.2.2). In section
7.2.3 the theoretical expectation of the EEC distribution is discussed.
7.2.1 Jet Algorithm
Analog to the original application of EECs jets or ROIs have to be chosen. The
main property a ROI should have, is that it is as close as possible to a hypothetical
source to observe an energy ordering. This purpose is served best by a simple cone
jet algorithm which uses UHECRs of energies above 60EeV as seed, since the most
energetic UHECRs are expected to be deflected the least from their original source
direction. Starting from this seed direction the jet algorithm executed as follows.
• All UHECRs within a cone of 0.2 rad (11.5◦) around the center of the ROI are
assigned to the ROI.
• The center of the ROI is moved to the center of energy of all assigned UHECRs.
To account for the not uniform exposure of the Pierre Auger Observatory the
UHECRs are inversely weighted by the exposure in their arrival direction,
calculated according to (6.2).
• This process is iterated three times.
The ROIs defined in such a way have an increased probability to cover a nearby
source [91]. The arrival direction of all UHECRs within a ROI is shown in figure 7.2
7.2.2 Energy-Energy-Correlation Distribution
Within the the ROIs the EEC (7.1) is calculated for every pair of particles. The
calculated values are filled to a profile histogram, at the distances αi and αj to the
ROI center. In this way Ωij contributes twice to the EEC distribution. The binning
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Figure 7.2: Arrival directions of UHECRs covered by a region of interest.
of the histogram is chosen to be 0.02 rad (1.2◦) which is in the same order as the
angular resolution of the SD (see section 6.3). Applying this process to the data
set results in the distribution shown in figure 7.3. The error bars result from the
averaging process in the bins (in all but the first bin they are smaller than the line
width). The application of the experimental uncertainties discussed in chapter 6 is
performed in section 7.3.
7.2.3 Theoretical Expectation
To get an impression of the expected EEC distribution it is educative to investigate
an angle independent version of the EEC (also see [92])
Ωij =
(Ei − 〈E〉) (Ej − 〈E〉)
EiEj
(7.2)
= 1− 〈E〉
Ei
− 〈E〉
Ej
+
〈E〉2
EjEj
. (7.3)
Calculating the expectation value of Ω (7.2) can be transformed to
〈Ω〉 =
(
1− 〈E〉
〈
1
E
〉)2
. (7.4)
The first observation that can be made from (7.4) is that 〈Ω〉 is always positive, and
its exact value depends only on the energy spectrum. Applying this to the angular
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Figure 7.3: Energy-Energy-Correlation distribution calculated from the data set
described in chapter 6.
dependent EEC (7.1), this means its angular distribution is sensitive to the local
spectrum. A change of the spectrum between the angular bins is equivalent with an
energy ordering within the ROI. If the UHECR spectrum is known, the expectation
value of the EEC can be obtained by calculating the expectation value of the energy
and the inverse energy. For a power law energy spectrum with the spectral index γ
the expectation values are given by
〈E〉 = n
∫ Emax
Emin
EE−γdE, (7.5)
〈 1
E
〉 = n
∫ Emax
Emin
E−1E−γdE. (7.6)
The expectation value for different spectral indices is shown in figure 7.4 as the solid
line, while the blue triangles show the numerically calculated values from a simulated
spectrum. For a typical UHECR spectrum this means a higher Ω corresponds to a
hard spectrum.
The characteristic shape of the EEC distribution with increased inner bins and outer
bins converging to a plateau can be explained with the procedure of choosing a ROI.
The jet algorithm is, as described in section 7.2.1, initialized by the most energetic
UHECRs and moves the ROI to the center of energy in the vicinity of the seed
event. This necessarily leads to more energetic events, and thus a harder spectrum,
in the center of the ROI even for isotropic arrival direction. The effect can be seen
in figure 7.5 where the EEC distribution is calculated with and without using the
jet algorithm for different numbers of UHECRs. While the effect is limited to the
innermost bin, without the jet algorithm it is “smeared” to a larger range within the
ROI. This increase in the inner bins decreases with an increased number of UHECRs,
since the result in the inner bins is not that strongly influenced by the seed particle.
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Figure 7.4: Expectation value of the EEC for different spectral indices of a power law
spectrum. The energy limits are chosen to Emin = 5EeV and Emax = 300EeV. The
blue triangles show the average value of the EEC calculated from a MC generated
spectrum, while the solid line shows the analytical expectation value (7.4) (from
[92]).
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Figure 7.5: EEC distribution for an isotropic distribution of 5000 (red), 10000 (blue)
and 20000 (black) events. In (a) the effect is shown including a jet algorithm in (b)
without a jet algorithm.
7.3 Error Propagation
In the following section the propagation of the experimental uncertainties of the
Pierre Auger Observatory to the measurement of the EEC distribution is discussed.
The uncertainties for the EEC distribution are estimated using a MC approach. In
the following propagation of the statistical (section 7.3.1) and systematic uncertain-
ties (section 7.3.2) are discussed.
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Figure 7.6: Figure (a) shows the EEC distribution of the data set (red) (see figure
7.3) compared to the data set varied within its statistical uncertainties (black). The
error bar of the black distribution denotes the spread of 100 variations. Figure (b)
shows these uncertainties attached to the distribution from the original data set.
7.3.1 Statistical Uncertainties
The statistical uncertainties of the two relevant measurements, the arrival direction
and the energy, are discussed in the sections 6.3 and 6.4. To propagate their effect,
the same data set as used for the calculation of the EEC distribution is used but with
a lower energy threshold of 3EeV. This data set is varied within the uncertainties
of 1◦ angular and 16% energy resolution, after which the old 5EeV cut is applied.
This is done to allow UHECRs to cross the threshold in both direction. Since
the energies of UHECRs follow a steep spectrum, a Gaussian variation will lead
to a slight increase in the overall event number. To account for this, UHECRs are
randomly removed from the data set to match the number of UHECRs to the original
data set.
In this way 100 varied data sets are produced from the original data set and the
EEC distribution is calculated for each of these sets. Figure 7.6(a) shows the aver-
age distribution from this process compared to the original distribution. The error
bars of the varied distribution denote the spread from 100 realizations and thus the
uncertainty of the EEC distribution caused by the angular and energy resolution.
These uncertainties are applied to the original distribution as shown in figure 7.6(b).
It is noticeable that the varied EEC distribution is slightly higher than the original
distribution. This is caused by the energy variation, since, due to the steep spectrum,
more low energetic events are varied to higher energies than high energetic events are
varied to low energies (this is the same effect as described for the threshold crossing).
The overall spectrum is flattened by this which increases the expectation value for the
EEC distribution. Applying the uncertainties to the original distribution accounts
for this effect, since the spread is not affected by this.
7.3.2 Systematic Uncertainties
The most relevant systematic uncertainty for the EEC is the uncertainty of 22% to
the overall energy scale (section 6.4). To estimate the effect of energy scale to the
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Figure 7.7: Figure (a) shows the average EEC distribution of an isotropic data set
(red) and the systematic uncertainty resulting from a shift in the energy scale by
22% (blue box). In Figure (b) the relative uncertainties from the isotropic case are
applied to the data set.
EEC distribution 100 MC data sets of 70 000 UHECRs with energies above 3EeV
are produced. The arrival distributions follow the acceptance given in (6.2) and the
spectrum [35] of Auger. From each of these data sets three data sets are produced.
• For the nominal value first Nevents above 5 EeV are taken.
• All energies are shifted up by 22%, then the first Nevents above 5 EeV are
taken.
• All energies are shifted down by 22%, then the first Nevents above 5 EeV are
taken.
Using the shifted data sets as a measure for the systematic uncertainties, figure
7.7(a) shows the effect of a shift of the energy scale for an isotropic data set. The
relative uncertainties are applied to the data EEC distribution, accounting for both
scaling directions separately (figure 7.7(b))
7.4 Measurement of Energy-Energy-CorrelationDis-
tribution
Figure 7.8 shows a measurement of the EEC distribution with the Pierre Auger Ob-
servatory. The statistical and systematic uncertainties of the measurement of arrival
direction and energies of UHECRs are propagated to the distribution. Although the
design of the observable is inspired by theoretical expectations, the measurement is
independent from any theoretical input. This strict separation between measure-
ment and interpretation, makes it possible to compare the measured distribution to
arbitrary models of UHECR sources and propagation. Such a comparison with the
MC model discussed in chapter 4 is performed in the next chapter.
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Figure 7.8: Measurement of the EEC distribution (red circles) including statistical
(red error bars) and systematic (blue boxes) uncertainties
8. Interpretation of Measurement
In terms of the EEC distribution the data set is compatible with isotropic arrival
directions of UHECRs (see figure 8.1). In order to quantify the compatibility of the
data with different models a log-likelihood method is discussed in section 8.1. In
section 8.2 the parameter space scan of source density and magnetic field strength is
performed and the resulting exclusion limits are discussed in section 8.3. A discussion
of this method can also be found in [91].
8.1 Negative Log-Likelihood Method
In order to quantify the agreement of the measured EEC distribution with a given
model a negative log-likelihood test is used. To illustrate this method the measured
distribution is compared to an reference EEC distribution averaged over 100 sim-
ulated data sets of isotropic arrival directions. The spectrum is fixed to the exact
Auger spectrum by reassigning a new direction to each energy of the measured data
set according to the acceptance given in (6.2). This allows to neglect the systematic
uncertainties of the overall energy scale.
 [rad]α
0 0.05 0.1 0.15 0.2
Ω
0
0.1
0.2
0.3
0.4
0.5
Figure 8.1: Measurement of the EEC distribution (red circles) compared to the
expectation from isotropic arrival directions (black triangles) of UHECRs. The error
bar of the black distribution denotes the spread from 100 realizations
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For the standard log-likelihood test (see e.g. [93]) the negative log-likelihood is
defined by
L = −2
∑
i
ln pi, (8.1)
where pi is the likelihood for compatibility within one bin. In the case of a Gaussian
spread in the bins of the reference distribution (8.1) can be written as
L = −2
∑
i
ln
(
1√
2πσ2i
e
−
(xi−µi)
2
2σ2
i
)
. (8.2)
The index i denotes the bin number while xi is the measured value and µi and σi are
the mean and the spread of the reference distribution. For a correct interpretation
of the likelihood in (8.2) it is necessary that the bins of the distribution are not cor-
related. In the general case of correlated bins the likelihood for Gaussian distributed
bins is given by
L = −2 ln
(
det(V −1)1/2
(2π)n/2
e−
1
2
(~x−~µ)T ·V −1·(~x−~µ)
)
, (8.3)
where ~x and ~µ are the n-dimensional vectors of all xi, µi and V is the covariance
matrix of the reference distribution. V is calculated from the realizations ~y of the
reference distribution by
Vij = 〈yiyi〉 − 〈yi〉〈yi〉. (8.4)
It should be noted that in the case of uncorrelated bins (8.3) transforms to (8.2) as
the covariance matrix becomes diagonal.
To account for the statistical uncertainty of the EEC distribution the likelihood is
calculated for 100 distributions that were varied within their uncertainties. L is
given by the average over these realizations
L = 〈Lj〉, (8.5)
with
Lj = −2 ln
(
det(V −1)1/2
(2π)n/2
e−
1
2
(~xj−~µ)T ·V −1·(~xj−~µ)
)
. (8.6)
The bin-by-bin correlations of the varied distribution were taken into account im-
plicitly by using the EEC distributions from the calculation of the statistical uncer-
tainties (see section 7.3.1) corrected to the measured EEC distribution. The effect
of this uncertainty is a weakening of the calculated exclusion limits as discussed in
appendix B
Figure 8.2 illustrates the difference between the likelihood calculation with and with-
out uncertainties for the measured distribution. While in the case of a “certain”
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Figure 8.2: EEC distribution in the first bin of figure 8.1. The black dashed his-
togram shows the distribution of 100 simulated data sets with isotropic arrival di-
rections. A normal distribution is fitted to the histogram. In red the position of the
measured EEC distribution is shown. While (a), shows the mean value as a line, (b)
shows this value varied 100 times by its uncertainties.
measurement the likelihood is represented by the height of the reference distribu-
tion at the data value (see figure 8.2(a)), in the case of an “uncertain”measurement
the likelihood can be interpreted as the intersection of two distributions (see figure
8.2(b)).
8.2 Parameter Scan
In the same way the measurement of the EEC distribution is compared to a model
of isotropic arrival directions of UHECRs, it can be compared to arbitrary models
of UHECR sources and propagation. In the following it is compared to simulated
EEC distributions which are produced using the PARSEC software (see chapter 4).
The following parameters are chosen.
• All UHECRs are protons.
• The sources of UHECRs are isotropically distributed and have the same spec-
trum (E−2), the same maximal energy (1000EeV) and the same luminosity.
• Sources are simulated isotropically within a sphere with a radius of 1000Mpc.
The source density ranges from ρ = 10−6Mpc−3 to ρ = 10−4Mpc−3.
• The extragalactic magnetic field is chosen to have a coherence length of Λ =
1Mpc and a magnetic field strength ranging from B = 0.1 nG to B = 10nG.
• For the galactic magnetic field the BSS S field with parameters as given in
section 3.3 is used.
• The Auger coverage as given in (6.2) is applied.
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In order to reduce possible systematic effects from the choice of the source spectrum,
the simulated spectrum is corrected to the true spectrum of the data set. This is
done by reassigning a new direction according to the MC model to every UHECR
in the data set while keeping the energy fixed. Note that due to this reassignment
some source scenarios are excluded since no source is within the GZK sphere of the
most energetic UHECR (see figure C.1). The propability to have at least one source
within the GZK sphere ranges from ∼ 15% for ρ = 10−6Mpc−3 to almost 100% for
ρ = 10−4Mpc−3. This could be used as an additional constraint to source scenarios,
but in the following these source scenarios are just excluded from the analysis. To
reduce the effect of the angular binning in PARSEC the arrival direction of each
UHECR is smeared by a normal distribution of 1◦ width.
The parameter space is scanned in 21 log-linear steps in source density and turbu-
lent field strength, which results in a total of 441 pixels. At each parameter space
point 100 realizations of the source model are simulated and the EEC distribution
is calculated. The measured distribution is now compared to the EEC distribution
at every parameter space point by calculating the negative log-likelihood according
to (8.5). This results in a likelihood distribution L(ρ,B) in the (ρ,B)-plane.
In order to reduce fluctuations resulting from the finite number of data sets in each
(ρ,B) bin, the bins of the L(ρ,B) distribution are smoothed with a 5 × 5-kernel.
The center weight of the kernel is K33 = 5. All neighbor weights of K33 have the
weight K22 = K23 = K24 = K32 = K34 = K42 = K43 = K44 = 2, and all second
neighbors have zero weight except K13 = K31 = K35 = K53 = 1.
For the interpretation of these likelihood values and the exclusion of parts of the
parameter space, a null hypothesis H0 is needed. The exclusion of a pixel k in terms
of standard deviations is now given by
nσk =
√
∆Lk, (8.7)
with
∆Lk = Lk − L0. (8.8)
Lk is the likelihood at the pixel k, whereas L0 is the likelihood of H0. In the case
of parameters being reconstructed usually the minimum of Lk are adopted as L0
(the reconstruction of a known parameter space point is discussed in [91] and also
in appendix B). In this special case as only one sided limits can be set on the true
parameters, the H0 is chosen to be a model of isotropic arrival directions. In this
way the position exclusion limit is independent of the scanned parameter range as
it would be the case if the true minimum is not in the scanned region.
The exclusion limit in terms of nσ can be converted to an exclusion probability
pk = 1−
∫ ∞
nσk
xe−x
2/2dx = 1− en2σk/2. (8.9)
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Figure 8.3: Exclusion limits from a parameter scan of the UHECR model described
in the text. The strength of the turbulent magnetic field and the source density
were scanned. Dark blue denotes the allowed region of the parameter space (95%
confidence level). The black lines at the transitions of the different shades of blue
denote exclusion levels (95%, 99.9% and 99.9996%)
This conversion is only strictly correct for the case of a paraboloidal shape of the
likelihood distribution (and thus Gaussian uncertainties) but is a good estimate
also for other uncertainty contours [93]. In the case of a one sided limit in can be
considered as a conservative approximation.
Figure 8.3 shows the 95% exclusion limit at 10 nG and the 99.9% limit at the level
of several nG with a slight dependence on the source density.
8.3 Interpretation
The derived limit of 10 nG on the extragalactic turbulent field strength can be com-
pared to measurements of the cosmic microwave background which set upper limits
on the primordial turbulent fields in the order of several nG (see section 3.2.4). This
inconsistency of a lower and an upper limit can be explained in several ways.
For example the UHECRs are assumed to be protons in the MC model. A composi-
tion of heavy nuclei would lower the limit on turbulent fields by at least one order of
magnitude and open a corridor of allowed values in the (ρ,B) plane. Such a heavy
composition above the ankle is in agreement with the composition measurement of
the Pierre Auger Observatory (see section 2.4.2).
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Another explanation is that not all turbulent fields need to be of primordial origin.
A galactic turbulent field (assuming an extend of 30 kpc and a coherence length of
50 pc) of 5µG would have roughly the same effect as a field of 1 nG assuming a
source distance of 40Mpc. Following this, a turbulent galactic field of several 10µG
is necessary to explain the limit on turbulent fields in figure 8.3. A galactic field of
this strength is inconsistent with observations (see section 3.2).
A further explanation can be reached by an isotropic source distribution with a
density much higher than 10−4Mpc−3. As the source distribution is expected to
follow the large scale structure an isotropic source distribution with high source
densities is very unlikely.
Concluding, even if assuming an additional turbulent component in the galactic field,
the results obtained in section 8.2 are suggestive of a heavy composition of UHECRs.
9. Summary
The origin of ultra high energy cosmic rays (UHECRs) is a long standing mystery
in astroparticle physics. Its unraveling is directly coupled to an understanding of
the cosmic magnetic fields in which the UHECRs are deflected. While galactic
magnetic fields can be measured, the strength and structure of extragalactic fields
are to a large extend unknown. This limited knowledge of cosmic magnetic fields
is commonly seen as one of the largest obstacles to the identification of UHECR
sources.
In this thesis a novel approach for the determination of cosmic magnetic fields is per-
formed without requiring an explicit identification of the sources. Discrete UHECR
sources in combination with cosmic magnetic fields are expected to result in an
energy ordering in the arrival directions close to the most energetic events. The
measurement of such an energy ordering and thus the extraction of information
about turbulent magnetic fields requires four key ingredients.
The first contribution is a measurement of energy and arrival direction of a large
number of UHECRs. The used data set of more than 18000 UHECRs with energies
above 5EeV was measured in the time period between 2004 and 2010 with the
surface detector of the Pierre Auger Observatory. The observatory and the selection
of the data set are described in the chapters 5 and 6.
The second component is a Monte Carlo (MC) generator model for UHECRs for
comparison with the data. For this purpose the PARSEC software for the simula-
tion of UHECR sources and propagation was developed. It includes the effects of
UHECR propagation in galactic and extragalactic magnetic fields and the energy
loss in background photon fields for arbitrary source distribution. A discussion of
the propagation of UHECRs and the origin and structure cosmic magnetic fields is
given in the chapters 2 and 3. The implementation within the PARSEC software is
discussed in chapter 4.
A third ingredient is an observable which is sensitive to energy ordering effects.
For this purpose the observable of Energy-Energy-Correlation (EEC) is introduced.
The EEC distribution close to the most energetic UHECRs is measured using the
data of the Pierre Auger Observatory, considering the statistical and systematic
uncertainties of the UHECR measurement. The definition of the EEC and the
measurement of its distribution is discussed in chapter 7.
Finally a statistical test is required to constrain the parameters of the MC model.
For this purpose a negative log-likelihood test was adapted to the special conditions
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of the EEC distribution. By performing a scan over the parameters of the MC model
the allowed regions in the parameter space can be determined. The details of the
likelihood test and the parameter scan testing the measured EEC distribution are
discussed in chapter 8.
It should be noted that the described analysis is modular in the following sense. In
particular the measured EEC distribution is independent of its interpretation. This
means the MC generator can be subject of further improvements while the EEC
measurement remains valid. Inversely also a different observable could be used to
constrain the same MC model.
The two main scientific achievements of this thesis are the following. One is the
measurement of the EEC distribution for the UHECRs with energies above 5EeV
at the Pierre Auger Observatory. The other is the interpretation of this measurement
using a model of isotropic source distribution and a proton composition of UHECRs.
A lower limit on the turbulent extragalactic magnetic field strength of 10 nG with
a slight dependence on the source density is set within the MC model used. This
lower limit can be compared to an upper limits on extragalactic fields of a few nG
resulting from measurements of the cosmic microwave background. These results
indicate that either the turbulent galactic field is much stronger than expected or
the composition of UHECRs above 5EeV is not dominated by protons.
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B. Additional Crosschecks of the
EEC Method
In this appendix additional crosschecks of the EEC Method are performed. The
uncertainty arising from the exposure calculation is tested in section B.1. In section
B.2 the reconstruction quality of the EEC method is tested.
B.1 Influence of Exposure Calculation
For the interpretation of the EEC distribution measurement in chapter 8 the detector
acceptance as given in (6.2) is used. Since effects like bad periods or the growing
detector before 2008 have not been considered in this exposure calculation, it has to
be checked what the effect of the exposure to the EEC distribution is.
In order to do this two different datasets are produced. One is produced by reas-
signing directions according to (6.2) to the measured energies. The second data set
is produced shuffling the measured arrival directions before reassigning them to the
measured energies. The comparison of these two distribution (see figure B.1) shows
that the uncertainty arising from the exposure is much smaller than the spread from
different isotropic realizations and can thus be neglected.
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Figure B.1: EEC distribution from geometric exposure calculation (black triangles)
compared to a shuffling method (red circles).
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B.2 Reconstruction Quality of the EEC Method
In chapter 8 the EEC method was used to set limits on the magnetic field strength
and source density using the data of the Pierre Auger Observatory, which showed no
measurable energy ordering. In this section the same method is used to reconstruct
the parameters of a model from a clear energy ordering signal. This MC generated
signal data set also allows to check the EEC method for internal consistency. The
discussion in this section is largely based on [91].
The MC model used in the following is somewhat simpler than the one described
in chapter 4, but is fully sufficient for this consistency check. It assumes a number
of sources which all have the same distance to the observer and the same observed
flux. The model does not include energy loss processes, and the observed spectrum
as measured in [34] is used as source spectrum. For extragalactic propagation a
random walk is assumed. Due to the constant source distance (2.12) simplifies to
σθ ≃ CRandomField
(
1018eV
E
)
. (B.1)
In addition to this a coherent deflection in the galactic longitude ℓ is introduced by
∆ℓ ≃ CCoherentF ield
(
1018eV
E
)
. (B.2)
This results in a deflection which depends on energy and arrival direction and thus
roughly resembles the deflection caused by a galactic magnetic field.
For the signal data set Nsource = 10, CRandomField = 10 rad and CCoherentF ield =
10 rad is chosen. The coherent field resembles roughly the strength of the galactic
magnetic field and the turbulent field is equivalent to a source distance D = 50Mpc,
a coherence length Λ = 1Mpc and a magnetic field strength B = 3nG. In order to
reconstruct the parameters Nsource is varied between 1 and 10000 and CRandomField
is varied between 1 rad and 100 rad. The coherent field is assumed to be known.
By using the same likelihood method as described in section 8.2, it is found that
the parameters of the signal data set are reconstructed within 2 standard deviations
(see figure B.2(d)).
To check for consistency the analysis is repeated with 100 different signal data sets.
In figure B.3(a) the reconstruction quality of the source directions is tested. The
distance of each source to the next center of a ROI is plotted. It is found that
more than 90% of the sources are covered by at least one ROI. In figure B.3(b) the
reconstruction quality in terms of standard deviations from the true parameter space
point is plotted. It is found that the distribution of reconstructed values is in good
agreement with the expectation from Gaussian uncertainties on the reconstructed
value.
B.2. Reconstruction Quality of the EEC Method 71
°b=-90 
°90 
°
l=
18
0 °
-
18
0 
(a)
°b=-90
°90
°
l=
18
0 °
-
18
0
(b)
 [rad]α
0 0.05 0.1 0.15 0.2
Ω
0
0.5
1
1.5
(c)
SourceN
1 10 210 310 410
Fi
el
d
C
1
10
210
(d)
Figure B.2: (a) Arrival directions of the signal data set (black point symbols) and
the sources (red asterisk symbols), (b) UHECRs belonging to regions of interest
(black point symbols) and the sources (red asterisk symbols), (c) Energy-energy-
correlations of the signal data set (black rectangles) compared to an isotropic data
set, (d) Error contours for the reconstructed parameters resulting from the neg-
ative log-likelihood analysis (dark blue = 1σ-contour, light blue = 2σ-contour,
dark green = 3σ-contour, light green = 4σ-contour, yellow = 5σ-contour, red > 5σ),
the black point symbol shows the parameters of the signal data set.
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Figure B.3: (a) Reconstruction quality of the source direction using the cone al-
gorithm (red line: 68%-quantile), (b) reconstruction quality of the true parameters
of 100 signal data sets (red rectangles) compared to the expectation of Gaussian
uncertainties (black triangles).
C. Validity of the MC Model
In the following the parameter range of the PARSEC model (see chapter 4) used for
the parameter scan in section 8.2 is discussed.
The source distribution is chosen to be isotropic with source densities between
10−6Mpc−3 and 10−4Mpc−3. This results in average distances between two sources
ranging from approximately 100Mpc to 20Mpc. The distance of the nearest source
is approximately half this value and is shown in figure C.1. Also shown in figure C.1
as the magenta line is the GZK horizon for the most energetic event measured by the
Pierre Auger Observatory. This effectively sets a limit to minimal source density, as
the closest source has to be within this GZK horizon (the UHECR is assumed to be
a proton, in the case of iron the horizon would be even smaller). For the upper limit
of the source density the model of an isotropic source distribution looses its validity,
as a clustering of sources in the large scale structure of the universe is expected. The
range of source densities can be compared to the density of galaxy clusters which is
10−5Mpc−3 [94].
The range of the magnetic field is assumed to be between 0.1 nG and 10 nG. The
upper limit is chosen since this field strength marks the transition from the regime
minimal source distance [Mpc]
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Figure C.1: Minimal source distance for different source densities. The vertical
lines denote the GZK horizon for the most energetic Auger event (magenta) and an
UHECR of 100EeV (turquoise).
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Figure C.2: Diffusion coefficient for different energies in a 10 nG turbulent magnetic
field with a scale of λmax = 1Mpc for the largest turbulence(from [25]). D ∝ E2
denotes the rectilinear regime.
of rectilinear propagation, for which the PARSEC model is valid, and the diffusive
regime.
A naive estimate of this transition can be made using the gyro-radius and the co-
herence length of the magnetic field
Λ ≈ rg. (C.1)
Assuming a coherence length of 1Mpc and using the gyro-radius as given in (2.10),
the threshold for the diffusive regime is approximately 5 nG for 5EeV protons. Using
a Kolmogorov turbulent field (see section 3.4) this limit can be pushed to 10 nG as
can be seen in figure C.2 [25]. The region where the diffusion coefficient is D ∝ E2
denotes the regime of rectilinear propagation which ranges down to 1EeV. Since
λmax = 1Mpc corresponds to Λ = 0.2Mpc [64], the transition is shifted to 5EeV by
using the linear relation in (C.1).
The lower limit for the magnetic field strength is given by the so called lensing effect.
Although a turbulent magnetic field causes random deflections, these deflection are
the same for two UHECRs of allmost identical energy. This effect is not taken into
account for the PARSEC model, which uses a pure random walk deflection (2.12).
It is shown in [64] that the deflection of UHECRs has to be larger than
α/rad > D/Λ, (C.2)
for the random walk approximation to be valid (D is the distance to the source).
This can also be interpreted as a quantification of the random walk condition
D ≫ Λ. From a simulated Kolmogorov field the following transition energy is derived
Ec
2× 1020 eV = Z
B
10−8G
(
D
10Mpc
)3/2(
Λ
Mpc
)−1/2
. (C.3)
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This means in particular that for a source in a distance of 10Mpc (the average
closest source for ρ = 10−4Mpc−3) and a turbulent field of 1 nG all UHECRs with
energies below 20EeV, and thus the dominant contribution to the EEC distribution,
is described correctly. The lensing effect is expected to give a contribution for small
magnetic fields and large source densities. Since the lensing effect would lead to a
more anisotropic signal from the sources and the potentially interesting region of
the parameter space is already excluded, it is not relevant for the exclusion limits
derived in section 8.3.
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